Stabilization and linkage analysis of metal-ligated sialic acid containing oligosaccharides  by Leavell, Michael D & Leary, Julie A
FOCUS: METAL-ION INTERACTIONS
Stabilization and Linkage Analysis of
Metal-ligated Sialic Acid Containing
Oligosaccharides
Michael D. Leavell and Julie A. Leary
Department of Chemistry, University of California, Berkeley, California, USA
The dissociation of metal-ligated sialyllactose and sialyl-N-acetyllactosamine was investigated.
Metal–ligand derivatization of the carbohydrate samples with the diethylenetriamine ligand
and one of four transition metals [Co(II), Ni(II), Cu(II), Zn(II)] suppressed sialic acid loss in the
collision-induced dissociation process. Suppression of sialic acid loss allows sialic acid linkage
information to be gained through tandem mass spectrometry. Sialic acid stabilization is
postulated to occur due to the doubly charged metal ion which allows for deprotonation of the
sialic acid moiety. Furthermore, a connection between the metal center and the amount of sialic
acid loss was found. These results were rationalized using the Irving–Williams series and a
competition between different sites of deprotonation. Analysis of the product ion spectra
showed a clear differentiation of sialic acid linkage. Linkage determination is proposed to be
effective due to the available conformations allowed by the different linkages. A more flexible
linkage will allow more coordination of the sialic acid residue with the metal center, whereas
a less flexible linkage will make this interaction unlikely. (J Am Soc Mass Spectrom 2001, 12,
528–536) © 2001 American Society for Mass Spectrometry
Soft ionization methods, such as ESI (electrosprayionization) and MALDI (matrix-assisted laser de-sorption/ionization), have revolutionized the field
of mass spectrometry. These ionization sources allow
the analysis of several classes of intact biomolecules
including proteins [1, 2], oligonucleotides [2], and oli-
gosaccharides [3–13]. Proteins and oligonucleotides are
easily protonated because of their basicity, whereas
oligosaccharides commonly require chemical modifica-
tion to increase ionization efficiency [5]. Research into
oligosaccharide derivatization methods to improve ion-
ization efficiency is ongoing: three methods include
metal coordination [4, 6–9, 11–20], methylation [5, 10],
and as introduced in our laboratory, transition metal–
ligand attachment [21–27].
Upon selection of an appropriate derivatization tech-
nique, the structure of a carbohydrate sample is ana-
lyzed using tandem mass spectrometry. Tandem mass
spectrometry is well suited for carbohydrate analysis.
This is due to the small amount of sample needed;
usually microgram quantities or less. Also, gas-phase
isolation obviates the need for chromatography. Anal-
ysis of the resulting product ion spectrum allows for
determination of the carbohydrate structure generating
sequence, linkage position, and branching information.
Using these methods, the structure of neutral oligosac-
charides may be determined. However, the acidic oli-
gosaccharides, oligosaccharides that contain sialic acid,
are more complicated to analyze because they contain a
labile glycosidic bond between the sialic acid moiety
and the remaining carbohydrate portion of the oligo-
saccharide [28].
Sialic acids are a class of 9-carbon carboxylated
sugars which are commonly found at the terminal end
of glycoproteins and glycolipids [29]. Given their ter-
minal location, it is easy to understand why sialic acids
have been implicated in many cell–cell signaling and
cell–cell adhesion events. A well known example is
found in the inflammatory process [30]. White blood
cell adhesion to activated endothelial cells occurs
through interaction of sialyl-Lewisx with E-selectin.
This interaction localizes the immune response to in-
fected areas of the body thus allowing for a more
efficient immune response. Another biological role of
sialic acid includes its function as a marker for the onset
of oncogenesis [29]. Given the importance of sialic acid
in biological systems, it is paramount to characterize the
structure of sialic acid containing oligosaccharides.
In tandem mass spectrometric analysis of acidic
oligosaccharides, the glycosidic bond between the car-
bohydrate and the sialic acid residue is commonly
cleaved (Scheme 1) yielding a type “Y” product ion [31].
These cleavages result in a loss of sialic acid linkage
information, because an otherwise indistinguishable
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hydroxyl group remains at the previous site of sialic
acid attachment. Therefore, the location of the sialic acid
moiety is lost and a full structure determination is not
possible.
Several authors have suggested methods of sialic
acid stabilization in the positive ion mode. Harvey and
co-workers have utilized selective methylation [32] and
permethylation [28] to stabilize acidic oligosaccharides
in their investigation of gangliosides and N-linked
oligosaccharides, respectively. Different MALDI matri-
ces have been investigated by Jones and co-workers to
see which matricies suppress sialic acid loss [33]. Simi-
larly, other methods have been reported such as per-
benzoylation [34] as well as multiple metal coordination
[35].
Other authors have used negative ion mode to
determine the linkage position of sialic acid. Using
sialylated trisaccharides, Yamagaki and Nakanishi [36]
showed that sialic acid loss was more prevalent from
the 3-position when norharmane was used as the ma-
trix. A recent study by Wheeler and Harvey [37] uti-
lized diagnostic ions as a linkage marker in several
sialylated carbohydrates. Labeling studies helped to
confirm the location of the diagnostic losses, thus allow-
ing dissociation mechanisms to be postulated.
In this article we report the application of our
metal–ligand derivatization method as applied to sia-
lyllactose and sialyl-N-acetyllactosamine. The goals of
this investigation were twofold: (1) to determine if our
metal–ligand derivatization method would stabilize the
sialic acid residue on acidic oligosaccharides, and (2) to
determine if the linkage of the sialic acid moiety can be
distinguished using collision-induced dissociation
(CID) in combination with our metal–ligand systems.
Both of these goals were achieved, showing that metal–




The sialylated oligosaccharides a(2-X)-sialyllactose, and
a(2-X)-sialyl-N-acetyllactosamine (where X 5 3 or 6)
were obtained from Oxford Glycosystems (Rosedale,
NY). Diethylenetriamine (99%) was obtained from Al-
drich Chemical (Milwaukee, WI). ZnCl2, NiCl2 z 6H2O,
and CoCl2 z 6H2O were obtained from Fisher (Fairborn,
NJ), and CuCl2 z 2H2O was purchased from Malinckrodt
(Paris, KY). HPLC grade methanol and water were
purchased from Sigma-Aldrich (Milwaukee, WI).
Synthesis
The complexes were synthesized using a previously
published procedure which is briefly explained here
[38]. The sialylated oligosaccharide (5.4 mL, 80 nmol)
and the diethylenetriamine (dien) ligand (0.6 mL, 90
nmol) were added to 44 mL of HPLC grade methanol to
give a final reaction volume of 50 mL. This produces a
1.6 mM sialylated oligosaccharide solution and a mole
ratio of ;1:1 sialylated oligosaccharide:ligand. The re-
action mixture was refluxed in a borosilicate tube at
63 °C for 20 min and then diluted to 20 pmol/mL with
methanol. After dilution, the metal salt (80 nmol) (Co,
Ni, Cu, Zn) was added from methanolic solutions in a
1:1 mole ratio (sialylated oligosaccharide:metal) and
vortexed to facilitate complexation. The samples were
Scheme 1
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diluted to a concentration of 20 mM and analyzed on a
quadrupole ion trap mass spectrometer.
Instrumentation
All experiments were performed on the Finnigan LCQ
quadrupole ion trap mass spectrometer (Thermoquest,
San Jose, CA), fitted with an ESI source. Samples were
infused using a syringe pump at a rate of 2 mL/min.
Ionization was achieved using a spray voltage of 4.5 kV.
The automatic gain control was set at 5 3 107 counts for
MS1 experiments, whereas a value of 2 3 107 counts
was employed for all MSn experiments. These values
are the default settings for the LCQ instrument. The
maximum ion inject time was set at 100 ms. Ion guide
voltages were tuned to maximize the precursor ion
current using the autotune feature of the LCQ.
The MS/MS isolation width of the precursor ion was
selected to include its full isotopic distribution. CID was
performed, at a q value of 0.25, by applying a supple-
mentary voltage across the endcaps (peak–peak) for 30
ms. The voltage was applied at the axial secular fre-
quency of the precursor ion and with an amplitude of
0.77, 0.98, 0.87, and 0.86 V for the [M(II)/dien/a(2-X)-
sialyllactose-H]1 complexes (where M 5 Co, Ni, Cu,
and Zn, respectively, X 5 3 or 6); while an amplitude
of 0.92, 1.05, 0.97, and 1.05 V for the [M(II)/dien/a(2-
X)-sialyl-N-acetyllactosamine 2 H]1 complexes was
utilized (where M 5 Co, Ni, Cu, and Zn, respectively,
X 5 3 or 6). Helium was used as the collision gas in all
experiments and was maintained at a pressure of 1
mTorr. Each spectrum is an average of 20 scans. A
criterion of 3% relative abundance has been used to
determine the absence or presence of product ions [11].
Results and Discussion
The sialylated oligosaccharides shown in Figure 1 are
found in human milk and urine. They contain the
common linkages of sialic acid in oligosaccharides and
were used as model compounds in this study. The
N-glycoside derivative was synthesized using standard
procedures [38–40]. This reaction results in loss of
water and formation of an aminal bond, or more
specifically an N-glycoside. Following aminal forma-
tion, the metal chloride is added in a 1:1 sugar:metal
mole ratio. The resulting complex is shown in Figure 2.
Following metal complexation, samples were analyzed
using an ion trap mass spectrometer. A typical mass
spectrum of the reaction mixture is shown in Figure 3,
wherein several types of complexes are observed. The
species [a(2-6)-sialyllactose 1 Na]1 and [a(2-6)-sia-
Figure 1. The sialylated oligosaccharides used in this study: (a) a(2-3)-sialyl-N-acetyllactosamine
(Neu5Aca2-3Galb1-4GlcNAc), (b) a(2-6)-sialyl-N-acetyllactosamine (Neu5Aca2-6Galb1-4GlcNAc), (c)
a(2-3)-sialyllactose (Neu5Aca2-3Galb1-4Glc), and (d) a(2-6)-sialyllactose (Neu5Aca2-6Galb1-4Glc).
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lyllactose 1 2Na 2 H]1 are found at m/z 656 and 678
and correspond to the singly and doubly sodiated
oligosaccharide species, respectively. The N-glycoside
devoid of the metal is observed as the protonated
[a(2-6)-sialyllactose/dien 1 H]2, as well as the singly-
[a(2-6)-sialyllactose/dien 1 Na]1 and doubly-sodiated
[a(2-6)-sialyllactose/dien 1 2Na 2 H]1 forms (corre-
sponding to the ions at m/z 719, 741, and 763, respec-
tively). The desired product is observed at m/z 776
which corresponds to the [Co(II)/dien/a(2-6)-sialyllac-
tose]1 complex.
Suppression of Sialic Acid Loss
Several groups have used metal adduction in combina-
tion with CID to determine the linkage, sequence, and
branching of oligosaccharides [3, 4, 6–9, 11–20]. This
method works well for the analysis of neutral oligosac-
charides, however, analysis of acidic oligosaccharides is
problematic using this method. The problem is illus-
trated in the product ion spectrum of sodiated a(2-6)-
sialyllactose (Figure 4). Examination of Figure 4 shows
that upon CID the base peak in the spectrum arises
from a Y-type cleavage [31]. Structural information is
lost in these cleavages, because further analysis of this
ion cannot provide the location of the sialic acid moiety.
This is due to formation of a hydroxyl group at the
former position of sialic acid attachment (Scheme 1).
Thus, it is clear that other methods are needed to
determine the linkages of sialic acid that stabilize the
acidic moieties, permitting a full characterization of the
carbohydrate sample.
Upon derivatization of each of the model com-
pounds with the metal–ligand systems and subjecting
them to collisionally activated conditions, it becomes
clear that metal ligation greatly suppresses or com-
pletely eliminates sialic acid loss as compared to the
sodiated sample (Figures 5 and 6 and Tables 1–3). This
is evidenced by the fact that the ion indicative of sialic
acid loss decreases from 100% relative abundance (m/z
365, Figure 4) to less than 3% relative abundance (m/z
485; Figure 5) for sialyllactose. Similarly, this decrease is
also observed for sialyl-N-acetyl lactosamine where the
ion corresponding to sialic acid loss decreases to less
than 10% relative abundance (m/z 525, Figure 6). These
correspond to the Y-type cleavage and sialic acid loss. It
is likely that metal ligation effectively suppresses sialic
acid loss due to deprotonation of the carboxylic acid
and subsequent coordination of the carboxylate to the
metal ion. Carboxylic acid deprotonation is anticipated
given its relative pKa as compared to the hydroxyl and
amine functionalities. Carboxylic acids of this type are
known to have a pKa of ;4 [41], whereas alcohol and
Figure 2. Structure of the M(II) N-glycoside complex.
Figure 3. Mass spectrum of the reaction mixture for a(2-6)-sialyllactose 1 diethylenetriamine
(dien) 1 CoCl2 (see text for details).
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Figure 4. MS2 of [a(2-6)-sialyllactose 1 Na]1 observed at m/z 656, showing predominant loss of
anhydrosialic acid (m/z 365; Y2).
Figure 5. MS2 of (a) [Co(II)/dien/a(2-3)-sialyllactose 2 H]1 and (b) [Co(II)/dien/a(2-6)-sialyllac-
tose 2 H]1.
532 LEAVELL AND LEARY J Am Soc Mass Spectrom 2001, 12, 528–536
amide groups in monosaccharides have a pKa of ;13
[42].
Upon closer examination of the product ion spectra
of [M(II)/dien/a(2-X)-sialyllactose 2 H]1 it appears
that the metal center employed greatly influences the
extent of sialic acid loss (Table 3). For example, in the
case of Co(II), loss of sialic acid is not observed. How-
ever when Cu(II) is employed, the loss of sialic acid
increases to approximately 50% relative abundance.
Both Ni(II) and Zn(II) exhibit a smaller amount of sialic
acid loss as compared to the Cu(II) complex: 15% and
10% relative abundance, respectively. The same trends
were observed for the [M(II)/dien/a(2-X)-sialyl-N-
acetyllactosamine 2 H]1 samples, although, there is a
marked decrease in sialic acid loss overall (Table 3). For
example, when both Co(II) and Zn(II) metal centers are
employed, sialic acid loss is absent. However for the
Ni(II) and Cu(II) metal centers, the relative intensity of
the product ions resulting from sialic acid loss are 8% or
less.
The trends of sialic acid loss for a given metal ion can
be rationalized through comparison with the Irving–
Williams series [43, 44]. The Irving–Williams series
states that for a given ligand, the binding preference of
Figure 6. MS2 of (a) [Ni(II)/dien/a(2-3)-sialyl-N-acetyllactosamine 2 H]1 and (b) [Ni(II)/dien/a(2-
6)-sialyl-N-acetyllactosamine 2 H]1.
Table 1. Product ions observed in the CID spectrum of the [M(II)/dien/a(2-X)-sialyllactose 2 H]1 series with all metals employed.
A check indicates that the product ion was observed at a relative intensity of 3% or greater in the MS2 spectrum, furthermore an
underlined check within brackets indicates that the observed ion is a diagnostic ion.
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divalent first-row transition metal ions follows the
order: Co(II) , Ni(II) , Cu(II) . Zn(II). Accordingly the
binding preference of Cu(II) and Ni(II) metal ions to
available functional groups will be greater than for
Co(II) and Zn(II). Coordination will most likely occur
through the C(2) or the C(6) functional groups on the
reducing sugar [either OH, OH for a(2-X)-sialyllactose
or NAc and OH for a(2-X)-sialyl-N-acetyllactosamine]
forming the entropically favored 5- or 7-member rings,
respectively (Figure 7) [45].
It has been shown that metal coordination to protic
ligands decreases the pKa of the coordinated ligands
[46, 47]. For example, in the M21(H2O)6 octahedral
complexes, the pKa of the water ligand decreases from
15.8 (uncoordinated) to 9.3 (Ni21), 8.3 (Cu21), and
9.6–10.8 (Zn21), respectively [47]. Given that the pKa of
the hydroxyl groups in a saccharide are ;13 [42], it is
reasonable to assume that metal coordination will lower
the pKa of the hydroxyl groups by approximately the
same amount: to 5.0–6.5 pKa units for Ni(II) and Cu(II)
and ;7.0 for Co(II) and Zn(II). This interaction will
favor deprotonation of the C(2) and C(6) hydroxyl
groups for the Ni(II) and the Cu(II) metals as compared
to the Co(II) and the Zn(II) metals. Furthermore, a
competitive equilibrium between sialic acid deprotona-
tion and hydroxyl group deprotonation will result.
Employment of Co(II) and Zn(II) metal ions will pro-
mote preferential deprotonation of the carboxylic acid
functionality, whereas use of Ni(II) and Cu(II) will more
easily aid in the deprotonation of the alcohol or the
amide groups. Upon introduction into the gas phase, at
least two populations of ions will result: those with
sialic acid deprotonated and those with the functional
groups at C(2) or C(6) deprotonated. Therefore, colli-
sional activation of the ion population in which the C(2)
or the C(6) functional groups are deprotonated (favored
for Ni, Cu) will result in sialic acid loss via glycosidic
bond cleavage and production of the newly formed Y
ion, while collisional activation of the ion population in
which the carboxylic acid functionality is deprotonated
(favored for Co, Zn) will result in other mechanisms of
dissociations; i.e., loss of H2O and cross ring cleavages.
Consequently, the sialic acid moiety is stabilized in the
presence of the Co(II) and Zn(II) metal centers, while it
is more likely lost in the presence of the Ni(II) and the
Cu(II) metal centers.
Linkage Determination of Sialic Acid
The linkage position of sialic acid to the lactose residue
can be determined through analysis of the product ion
spectra. The CID parameters for the ion of interest were
first determined by attenuating the precursor ion inten-
sity of the a(2-3) linked precursor ion to between 10%
and 20% relative abundance. Upon determination of the
activation parameters, the same conditions were uti-
lized for the a(2-6) linked molecular ion. Differences in
linkages of the sialic acid are determined based on the
Table 2. Product ions observed in the CID spectrum of the [M(II)/dien/a(2-X)-sialyl-N-acetyllactosamine 2 H]1 series with all
metals employed. A check indicates that the product ion was observed at a relative intensity of 3% or greater in the MS2 spectrum,
further an underlined check within brackets indicates that the observed ion is a diagnostic ion.
Table 3. Comparison of anhydrosialic acid loss when the sialylated oligosaccharide is either sodiated or derivatized with a metal–
ligand system.
Metal (a2-3)-Sialyllactose (a2-6)-Sialyllactose (a2-3)-Sialyl-N-acetyllactosamine (a2-6)-Sialyl-N-acetyllactosamine
Na
a
100% 100% 100% 100%
Co
b
0% 0% 0% 0%
Ni
b
13% 18% 8% 3%
Cu
b
42% 53% 5% 0%
Zn
b
0% 10% 0% 0%
a
Metal alone, no ligand.
b
Metal–ligand employed (ligand 5 diethylenetriamine).
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absence or the presence of the product ions in the
product ion spectra [11].
Two typical CID spectra of [Co(II)/dien/a(2-3)-sia-
lyllactose 2 H]1 and [Co(II)/dien/a(2-6)-sialyllac-
tose 2 H]1 are shown in Figure 5, the Co(II) complex is
discussed for brevity and tabulated results for all metals
are presented in Table 1. Both CID spectra were ob-
tained by applying 0.77 V excitation across the endcaps
for 30 ms. The CID of [Co(II)/dien/a(2-3)-sialyllac-
tose 2 H]1 resulted in three product ions: m/z 758, 698,
and 680 corresponding to loss of H2O, C2H4O2/H2O,
and C2H4O2/2H2O, respectively (Figure 5a). In contrast,
the CID spectrum of [Co(II)/dien/a(2-6)-sialyllac-
tose 2 H]1 in Figure 5b, contains four product ions: m/z
758, 716, 698, and 571. These product ions correspond to
loss of H2O, C2H4O2, C2H4O2/H2O, and C8H15O5N
(2,5X2 cross ring cleavage), respectively. Through com-
parison of the product ion spectra (Figure 5 and Table
1), one sees that these are unique product ions specific
to each linkage. For example, 2,5X2 cleavage is present
for the a(2-6) isomer and absent in the a(2-3) com-
pound. Similarly, the ion resulting from loss of C2H4O2
is also present in the product ion spectrum of the a(2-6)
isomer and absent for the other isomer. Without exten-
sive labeling experiments, the location on the saccha-
ride of the various neutral losses is not possible. These
experiments are currently underway.
Similarly, the linkage of sialic acid in a(2-3)-sialyl-N-
acetyllactosamine and the a(2-6)-sialyl-N-acetyllac-
tosamine can be distinguished using metal ligation. As
a specific example, both CID spectra in Figure 6 for
[Ni(II)/dien/a(2-3)-sialyl-N-acetyllactosamine 2 H]1
and [Ni(II)/dien/a(2-6)-sialyl-N-acetyllactosamine 2
H]1 were obtained by applying 1.05 V across the
endcap electrodes of the ion trap for 30 ms (tabulated
results for all metals are found in Table 2). Upon CID of
[Ni(II)/dien/a(2-3)-sialyl-N-acetyllactosamine 2 H]1
(Figure 6a), several product ions are formed: m/z 798,
780, 525, 507, and 243. These product ions correspond to
loss of: H2O, 2H2O, anhydroSia (Y2), Sia (Z2), and
0,2X0,
respectively. However, collisional activation of the
[Ni(II)/dien/a(2-6)-sialyl-N-acetyllactosamine 2 H]1
species (Figure 6b), yields the product ions: m/z 798,
756, 525, 507, and 243. These product ions correspond to
loss of: H2O, C2H4O2, anhydroSia (Y2), Sia (Z2), and
0,2X0. Again, unique product ions exist that can be used
to differentiate between sialic acid linkages. In the
a(2-3) linked case, the ion at m/z 780 (–2H2O) is unique
to this linkage. The a(2-6) linked species yielded the m/z
756 (–C2H4O2) product ion, which is exclusive to this
linkage. Further examination of Table 2 shows that the
linkage of the sialic acid moiety can be determined
through the use of various diagnostic ions. In the case of
Ni, Cu, and Zn, the ion representative of the –2H2O can
be used to differentiate the a(2-3) versus the a(2-6)
linkage. When Co is the coordinating metal, the ion
representing loss of C2H4O2/2H2O is diagnostic. To
help identify the diagnostic ions in Tables 1 and 2, they
are marked with an underlined check within brackets.
Insight into the differences observed in the product
ion spectra for the linkage isomers can be gleaned
through analysis of the conformations of the a(2-3)
linked versus the a(2-6) linked oligosaccharides. 2D-
NOE (two-dimensional nuclear overhauser effect) spec-
troscopy [48] combined with HSEA (hard sphere exoa-
nomeric) calculations of a(2-3) and a(2-6)-sialyl-N-
acetyllactosamine suggest that in the a(2-6) linkage, the
sialic acid moiety can interact with both the Gal and the
GlcNAc [Glc—in the case of the a(2-6)-sialyllactose]
rings of the lactose moiety. In contrast, the a(2-3)
linkage only allows interaction with the Gal residue.
Upon attachment of a metal–ligand system to the re-
ducing end of the oligosaccharide, it is possible that the
metal–ligand is free to interact with the sialic acid
residue in the a(2-6) linked case, however these inter-
actions are not sterically favored in the a(2-3) linked
case. This assertion has been confirmed through analy-
sis of CPK models. An indication of this interaction is
exemplified by the 2,5X2 cross ring cleavage which is
specific to the nonreducing end of the oligosaccharide.
It is reasonable to assume that interaction of the sialic
acid moiety with the metal–ligand system will allow
different sites of deprotonation to occur within the sialic
acid moiety. Upon collisional activation, the deproto-
nated group could initiate the 2,5X2 cross ring cleavage
that would not occur with the a(2-3) isomer.
Conclusions
Four sialylated oligosaccharides [a(2-X)-sialyllactose
and a(2-X)-sialyl-N-acetyllactosamine, where X 5 3,6]
were chosen to determine the effect of metal–ligand
derivatization [metal 5 Co(II), Ni(II), Cu(II), Zn(II); and
ligand 5 diethylenetriamine] on sialic acid stabilization
during collisional activation. The addition of metal–
ligand systems to sialylated oligosaccharides allows
analysis of the linkage position of the sialic acid moiety.
Furthermore, metal–ligand attachment stabilizes the
sialic acid residue upon collisional activation. Analysis
of the product ion spectra shows that employment of
the 12 metal ions greatly decreases or completely
eliminates sialic acid loss when compared to the sodi-
ated adducts. Sialic acid stabilization is believed to
Figure 7. Possible entropically favored coordination sites of the
metal ion with the reducing end monosaccharide.
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occur due to the deprotonation of the carboxylic acid
functionality thus removing a labile proton that could
initiate glycosidic cleavage. This deprotonation is only
allowed with the employment of a multiply charged
metal ion resulting in a 11 species. The metal center
employed greatly effects the amount of sialic acid loss
and followed the order: Co(II) , Ni(II) , Cu(II) .
Zn(II). However, in all cases sialic acid cleavage was
found to be less than 60% relative abundance (as
compared to 100% for sodiated samples). Arguments
regarding the mechanism of sialic acid stabilization are
made based on the competition between sialic acid
deprotonation and the deprotonation of metal-coordi-
nated functional groups. The Irving–Williams series [43,
44] is used to rationalize the relative amounts of dep-
rotonation of the metal-coordinated functional groups.
Linkage discrimination is thought to result from the
possible conformations that are sterically allowed by
the different linkages, thus differences in the product
ion spectra are noticed between the more linear a(2-3)-
linked and the more flexible a(2-6)-linked species. The
distinct 2,5X2 cross ring cleavage of the nonreducing end
is postulated to occur since this interaction is allowed
only in the a(2-6)-linked case. These results show that
application of our metal–ligand systems to both acidic
and neutral oligosaccharides is useful in determining
their structure.
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